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AFMBy using Fourier transform infrared (FT-IR) spectroscopy in combination with differential scanning
calorimetry (DSC) coupled with pressure perturbation calorimetry (PPC), ultrasound velocimetry, Laurdan
ﬂuorescence spectroscopy, ﬂuorescence microscopy and atomic force microscopy (AFM), the temperature
and pressure dependent phase behavior of the ﬁve-component anionic model raft lipid mixture DOPC/DOPG/
DPPC/DPPG/cholesterol (20:5:45:5:25 mol%) was investigated. A temperature range from 5 to 65 °C and a
pressure range up to 16 kbar were covered to establish the temperature–pressure phase diagram of this
heterogeneous model biomembrane system. Incorporation of 10–20 mol% PG still leads to liquid-ordered
(lo)-liquid-disordered (ld) phase coexistence regions over a wide range of temperatures and pressures.
Compared to the corresponding neutral model raft mixture (DOPC/DPPC/Chol 25:50:25 mol%), the p,T-phase
diagram is - as expected and in accordance with the Gibbs phase rule - more complex, the phase sequence as a
function of temperature and pressure is largely similar, however. This anionic heterogeneous model
membrane system will serve as a more realistic model biomembrane system to study protein interactions
with anionic lipid bilayers displaying liquid-disordered/liquid-ordered domain coexistence over a wide range
of the temperature–pressure plane, thus allowing also studies of biologically relevant systems encountered
under extreme environmental conditions.ysical Chemistry, TU Dortmund
many. Tel.: +49 231 755 3900;
inter).
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Lipid bilayers constitute the structural backbone of biological
membranes and may exist in a multitude of phase states, depending
on their molecular structure and environmental conditions such as
pH, ionic strength, water content, temperature and pressure [1–3].
These lipid bilayers are capable of regulating the ﬂow of materials and
signals into and out of the cell. The lipid structure and composition
plays an important role in the organization of the bilayer system,
where steric and electrostatic interactions as well as hydrophobic
mismatch may induce phase segregation [4,5]. Saturated lipids and
cholesterol are often sequestered into liquid-ordered (lo) domains,
which are also known as “lipid rafts,” and distinct from an unsaturated
liquid-disordered (ld) or solid-ordered (so or gel) phase [5,6]. Such
domains seem to be involved in a range of biological processes, from
lateral protein organization and virus uptake to signaling and plasma-membrane tension regulation [6–12]. For example, it was shown for
Jurgat cells that the signaling via the GPI-anchored CD59 is suppressed
by reduction of membrane cholesterol, implicating that the multimo-
lecular signaling platforms are constituted through raft association
and concomitant protein–protein interactions [13]. These raft-like
assemblies are more ordered and tightly packed but are still ﬂuid. This
is mainly due to differences in packing, which in turn is governed by
the saturation level of the hydrocarbon chains in rafts as compared
with the unsaturated state of fatty acids of phospholipids in the liquid-
disordered phase [14,15].
Simple, one-component saturated phospholipids generally exhibit
two thermotropic lamellar phase transitions, a gel-to-gel (Lβ'/Pβ')
pretransition and a gel-to-liquid-crystalline (Lα or ld) chain melting
(main) transition with increasing temperature or decreasing pressure
[16,17]. In recent years, studies carried out on mixtures of cholesterol
with different saturated and unsaturated phospholipids showed lo/ld
phase coexistence over a wide range of temperatures and sterol
contents [18–20]. Model biomembrane systems with three or more
lipid components mimic the matrix of the heterogeneous biological
membranes more closely than binary mixtures and thus seem to
provide a more meaningful model for studying the temperature and
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Owing to the occurrence of elevated pressures in natural environments
(up to the 1000 bar range for terrestrial conditions), the effect of
pressure should be included in a full description of the structure and
phase behavior of suchmodelmembranes aswell [16,21]. In this regard,
our group has already explored the phase behavior of a three-
component neutral canonical raft mixture to reveal the phase
coexistence of lo + ld mimicking raft-like domains in the tempera-
ture–pressure phase space [21,22].
What is missing, however, is a corresponding well-characterized
anionic model raft system. In this study, we explored the structure
and phase behavior of an anionic model raft system comprising
the lipids DOPC, DOPG, DPPC, DPPG and cholesterol, using Fourier
transform infrared (FT-IR) spectroscopy, differential scanning
calorimetry (DSC), pressure perturbation calorimetry (PPC), ultra-
sound velocimetry, atomic force microscopy (AFM), Laurdan ﬂuores-
cence spectroscopy and ﬂuorescence microscopy. It has been shown
that IR parameters such as frequencies, widths, intensities, shapes,
and band splitting are very sensitive to structural and dynamical
properties of membrane lipids [23–27]. DSC and PPC have been used
to reveal the temperature-dependent phase changes. PPC measures
the heat consumed or released by the sample after sudden small
pressure jumps of a few bar, thus yielding information about the
apparent coefﬁcient of thermal expansion of the lipid bilayer system
[28–30]. Ultrasound velocimetry data yield additional information
about the compressibility of the membrane system as a function of
temperature. The emission spectrum of Laurdan (6-dodecanoyl-2-
di-methyl-aminonaphthalene), quantiﬁed by the generalized polari-
zation function (GP), was used to study the phase behavior of the lipid
bilayers as a function of temperature, as the GP value reﬂects changes
in the ﬂuidity and overall phase behavior of the system. Visualization
of phase coexistence regions over length scales from nanometers to
micrometers was accomplished using AFM and ﬂuorescence micros-
copy, respectively. By combining all these techniques we were able to
determine the temperature and pressure dependent phase diagram of
this ﬁve-component lipid mixture in the temperature range from 5 to
65°C at pressures up to 16 kbar. This anionic lipid bilayer system will
serve as an ideal model membrane system to study protein
interactions with anionic lipid bilayers displaying liquid-disordered/
liquid-ordered domain coexistence over a wide range of temperatures
and pressures, thus allowing also studies of membrane-associated
processes encountered under extreme environmental conditions.





sodium salt (DPPG) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine
(DPPC) were purchased from Avanti Polar Lipids (Alabaster, AL).
Cholesterol (Chol) was purchased from Sigma-Aldrich. The ﬂuores-
cently labeled phospholipid N-rhodamine-DHPE was purchased from
Invitrogen (Darmstadt, Germany) and Bodipy-cholesterol from Avanti
Polar Lipids (Birmingham, AL). All other reagents and solvents were
obtained from Sigma-Aldrich and Merck. The lipids were used without
further puriﬁcation.
Stock solutions of lipids (DOPC, DOPG, DPPC, DPPG, and Chol) in
chloroformwere prepared andmixed to obtain the desired composition
of the DOPC/DOPG/DPPC/DPPG/Chol lipid mixture. The majority of the
chloroform was evaporated with a nitrogen stream; all remaining
solvent was subsequently removed by drying under vacuum overnight.
All buffers were ﬁltered through ﬁlters of 0.02-μmpore size (Whatman,
Dassel, Germany) before use. The dried lipid ﬁlms were dissolved at the
required concentration in the required buffer solution. Homogeneouslipid dispersions of large unilamellar vesicles were prepared by
subjecting the hydrated lipid ﬁlm to several freeze-and-thaw vortex
cycles and afterwards passing them through 100 nm Nuclepore®
Polycarbonate Track-Etch™ Membranes (Whatman GmbH, Dassel,
Germany) using a Mini-Extruder at 70 °C (Avanti Polar Lipids Inc.,
Alabaster, AL, USA).
2.2. FT-IR spectroscopy
Large unilamellar vesicle solutions at a concentration of 10mg/mL
and 30 mg/mL in 20 mM Tris, 7 mMMgCl2 D2O buffer were prepared
as mentioned above. The temperature- and pressure-dependent
FT-IR spectra were recorded with Nicolet 5700 and Magna IR 550
spectrometers equipped with liquid nitrogen cooled MCT (HgCdTe)
detectors. For the pressure-dependent measurements, the infrared
light was focused by a spectral bench onto the pin hole of a diamond
anvil cell (with type IIa diamonds from Diamond Optics, Tucson,
USA) [17,31,32] and powdered barium sulfate was placed in the hole
of the steel gasket of the diamond anvil cell and changes in pressure
were quantiﬁed by the shift of the band at 983 cm−1 assigned to the
symmetric stretching vibration of barium sulfate as the calibrant. The
temperature-dependent FT-IR measurements were carried out using
a cell, with CaF2 windows separated by 50-μm-thick mylar spacers.
Each spectrum was obtained by co-adding 256 scans at a spectral
resolution of 2 cm−1 andwas apodizedwith a Happ–Genzel function.
The sample chamber was purged with dry carbon dioxide free air in
both cases. An external circulating water thermostat was used for the
pressure- and temperature-dependent measurements to control the
temperature with an accuracy of ±0.1 °C. The pressure-dependent
measurements were done with an accuracy of ±300 bar.
2.3. Fluorescence spectroscopy
The ﬂuorescence probe Laurdan shows a sensitive environmental
dependence with respect to its emission spectrum and was used to
detect the overall phase behavior of the lipid bilayer system. The lipids
with the ﬂuorophor were dissolved in chloroform, followed by the
removal of the solvent by a gentleﬂowof nitrogen gas and drying under
high vacuum for several hours. The remaining dry lipid ﬁlm was
resuspended in buffer (50 mM Tris, pH 7.4), vortexed and sonicated for
15min (Elma S30H Elmasonic). To provide a better homogeneity of the
dispersion, several freeze-and-thaw cycles were applied followed by
extrusion at 70 °C. The ﬁnal lipid and ﬂuorophor concentrations of 0.1
mmol/L and 0.2 μmol/L resulted in a lipid to ﬂuorophor ratio of 500:1.
The ﬂuorescence spectroscopic measurements were performed on
a K2 multifrequency phase and modulation ﬂuorometer (ISS Inc.,
Champaign, IL). Temperature control with an accuracy of ±0.1 °C was
achieved using a circulating water bath.
The spectral changes of Laurdan were quantiﬁed using the
generalized polarization function which is deﬁned as GP= (IB− IR)/
(IB + IR). Here, IR and IB refer to the ﬂuorescence intensities at 490
nm and 440 nm, which are characteristic for a ﬂuid, liquid–
crystalline phase and an ordered (gel) lipid phase, respectively;
the GP values range from +1 to −1.
2.4. Differential scanning and pressure perturbation calorimetry
Large unilamellar vesicles were prepared by the same procedure as
for the FT-IR spectroscopic experiments. The ﬁnal phospholipid
concentration was 5 mg/mL. Differential scanning calorimetric
(DSC) and pressure perturbation calorimetric (PPC) measurements
were carried out on a VP DSC calorimeter from MicroCal with
pressurizing accessory (Northampton, MA). The sample cell of the
calorimeter was ﬁlled with ~0.5 mL of solution, whereas the reference
cell was ﬁlled with buffer. The heating rate was chosen to be 40 °C/h.
Fig. 1. Temperature dependence of the symmetric CH2-stretching mode wavenumber
at ambient pressure (1 bar). Black arrows indicate changes in slope which can be
ascribed to onsets of phase transformations.
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starting temperature for 30 min.
2.5. Ultrasound velocimetry, densitometry
The ultrasound velocity measurements were performed on an
ultrasonic resonator device ResoScan (TF Instruments GmbH,
Heidelberg, Germany). Both sample and reference cells were ﬁlled
with 200 μL sample and buffer solution, respectively. The ResoScan
system measures the sound velocity in the sample and buffer
solutions. The sound velocity number [u] determined is deﬁned as:
u½  = u−u0ð Þ= u0c ð1Þ
where u and u0 denote the sound velocity in the sample solution and in
the buffer, respectively, and c is the solute concentration in mg/mL.
Density measurements were carried out using the high-precision
densitometer DMA 5000 (Anton Paar, Graz, Austria), which is based
on a mechanical oscillator principle. The densities of sample and
buffer solution, ρ and ρ0, respectively, were used for the evaluation of








where c is the speciﬁc concentration of the solute (in mg/mL) [33,34].
In a sufﬁciently diluted solution, the partial speciﬁc adiabatic













where KS is the speciﬁc adiabatic compressibility of the solute, KSo the
partial speciﬁc adiabatic compressibility, KS,0 is the speciﬁc adiabatic
compressibility of the solvent, and βS,0 = KS,0/V the speciﬁc adiabatic
compressibility coefﬁcient of the solvent [33,34].
2.6. Fluorescence microscopy
Stock solutions of 10 mg/mL lipid (DOPC, DOPG, DPPC, DPPG, Chol)
in chloroform/methanol 3:1 (v/v) were prepared and mixed to obtain
200 μL lipidmixturewith thedesired compositionofDOPC/DOPG/DPPC/
DPPG/Chol (15:10:40:10:25mol%); 6 μL of 1mMN-Rh-DHPE and 6 μL of
0.5 mM Bodipy-cholesterol were added, yielding a ﬁnal molar ratio of
N-Rh-DHPE/lipid and Bodipy-cholesterol/lipid of 1:500 and 1:1000,
respectively. This lipid mixture was diluted with chloroform to a
concentration of 4 mg/mL. Details of the sample preparation can be
found elsewhere [35]. Brieﬂy, GUVs were prepared by electroformation
[36,37] in a temperature controlled home-made chamber (similar to the
closed bath perfusion chamber RC-21 from Warner Instruments Co.,
Massachussets, USA) on optically transparent and electrically conduc-
tive indium tin oxide (ITO) coated glass slides (SPI Supplies, West
Chester, USA). The lipid mixture (20 μL) was spread onto an ITO-coated
cover slip, spin-coated at 800 rpm for 60 s, and subsequently all solvent
was removed by drying under vacuum for ~2 h. The lipids were
hydrated with deionized water in the ITO chamber and heated to 65 °C
before applying a low frequency alternating current (AC) ﬁeld (10 Hz, 2
V) to the ITO electrodes by using a function generator (Thurlby Thandar
Instruments TG315). Electroformation was carried out for 90 min. After
completion, the temperature was slowly reduced to room temperature
(25 °C) at a constant rate of 1 °Cmin−1. For the temperature-dependent
measurements, the required temperatures were attained and the
sample was equilibrated for 15 min before acquisition of the images.
Images were recorded by a confocal laser scanning microscope (Biorad
MRC 1024, extended for multiphoton excitation, now Zeiss, Germany)
coupled via a side-port to an inverted microscope (Nikon, EclipseTE-300DV, inﬁnity correctedoptics), enablingﬂuorescence excitation in
the focal plane of an objective lens (Nikon Plan Fluor 40×, NA = 0.6,
extra longworking distance 3.7 mm). Images at temperatures below 20
°C were obtained with an objective lens Nikon Plan Apo 60×WI, NA=
1.2, collar rim corr. Fluorescence in the green and red PMT-channels
(emission band pass ﬁlters 522 nm/FWHM 35 nm and 580 nm/FWHM
40 nm, respectively) were sequentially acquired by alternating the
excitation with the 488 and 568 nm lines of a KrAr-laser (Portmann
Instruments AG, Biel-Benken, Switzerland). Image acquisition was
controlled by the software LaserSharp2000 (formerly Biorad, now
Zeiss).
2.7. Atomic force microscopy
Stock solutions of 10 mg/mL lipid (DOPC, DOPG, DPPC, DPPG, and
Chol) in chloroform were prepared and mixed to obtain 1.94 mg of
total lipid with the desired composition of DOPC/DOPG/DPPC/DPPG/
Chol (20:5:45:5:25 mol%). The dry lipid mixture was hydrated with 1
mL of 20 mM Tris, 7 mM MgCl2, pH 7.4. Details of the preparation of
the supported lipid bilayers and the AFM setup are described in ref.
[38]. Brieﬂy, vesicle fusion onmicawas carried out by depositing 30 μL
of the extruded lipid vesicle solution together with 40 μL of Tris buffer
on freshly cleavedmica and incubation in a wet chamber at 70 °C for 2
h. Measurements were performed on a MultiMode scanning probe
microscope with a NanoScope IIIa controller (Digital Instruments,
Santa Barbara, CA) and usage of a J-Scanner (scan size, 125 μm).
Images were obtained by applying the tapping mode in liquid with
oxide-sharpened silicon nitride probes (DNP-S) mounted in a ﬂuid
cell (MTFML, Veeco, Mannheim, Germany). Tips with a nominal force
constant of 0.32 Nm−1 were used at driving frequencies around 9 kHz
and drive amplitudes around 310 mV; the scan frequency was 1.0 Hz.
3. Results and discussion
3.1. Temperature- and pressure-dependent FT-IR spectroscopic
measurements
The assigned internal vibrational modes of lipid acyl chains [17,39]
were used to monitor the conformational order of acyl chains. The
carbon–hydrogen stretching vibrations give rise to bands in the
spectral region between 2800 and 3100 cm−1. The CH2 antisymmetric
(2916–2925 cm−1) and the CH2 symmetric mode (2849–2855 cm−1)
are the strongest lipid bands observed in the IR spectra. The
wavenumbers of these bands are conformation sensitive and respond
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ratio and number of kinks in the acyl chains [17,39]. Fig. 1 shows the
symmetric CH2 stretching frequency of the ﬁve-component lipid
mixture as a function of temperature at ambient pressure. TheFig. 2. Pressure dependence of the symmetric CH2-stretching mode wavenumber at 5 °C (a),
can be ascribed to phase transformations.maximumof the ν˜sym CH2ð Þ vibrational mode increases linearly from 5
to 13 °C. The wavenumber range can be assigned to a solid-ordered
phase, so. At higher temperatures, the change in the slope indicates
formation of a new phase that extends up to about 20 °C. This phase20 °C (b), 35 °C (c), 45 °C (d) and 60 °C (e). Black arrows indicate changes in slope which
Fig. 3. DSC (a) and PPC (b) scans, and temperature dependence of the ultrasound velocity number [u] (c) and adiabatic compressibility KS (d) of the anionic lipid mixture DOPC/
DOPG/DPPC/DPPG/Chol (20:5:45:5:25 mol%).
Fig. 4. Temperature dependence of Laurdan GP values of the anionic lipid mixture
DOPC/DOPG/DPPC/DPPG/Chol (20:5:45:5:25 mol%) (□) and the neutral lipid mixture
DOPC/DPPC/Chol (25:50:25 mol%) (♦).
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following phase region exhibits a pronounced sigmoidal shape and
may be assigned to the appearance of liquid-disordered domains
forming a three-phase coexistence region, ld + lo + so [39]. The phase
assignment is conﬁrmed by the AFM and ﬂuorescence microscopy
measurements (see below). The minor change in slope at ~34 °C
(shown as dashed arrow in Fig. 1) may - in agreement with Gibbs
phase rule - be assigned to the transition from the three-phase
coexistence region ld + lo + so to a two-phase coexistence region ld +
lo, which is accompanied by the disappearance of solid-ordered
domains. The decrease in slope at ~40 °C indicates a transition to a
similar phase region, probably also of type ld+ lo' where the amount of
ordered phase (lo' ) has drastically decreased. Distinguishing between
different liquid-ordered phases with different lipid compositions is
difﬁcult, however. Their existence (or even coexistence) is possible
and would be in agreement with the thermodynamics of mixtures of
ﬁve-component systems and the minor changes in the temperature
dependence of the ν˜sym CH2ð Þ vibrational mode observed. Finally,
when the overall ﬂuid phase is reached, the slope of the wavenum-
ber–temperature plot decreases and eventually levels off around 55
°C. The assignment of phases is also based on the results obtained
from the other techniques applied (see below).
Fig. 2 shows the wavenumber–pressure plots of the ν˜sym
CH2ð Þ stretching vibration at different temperatures. At 5 °C, it can
be seen that the pressure dependence of ν˜sym CH2ð Þ exhibits a
discontinuity at ~7.5 kbar, indicating a phase transition of the lipid
system in that pressure range. Thereafter, ν˜sym CH2ð Þ increases almost
linearly with pressure, a behavior that is generally observed for
ν˜sym pð Þ within one-phase regions [23,27,39]. This phase transitionmay be attributed to a transition from one solid-ordered so phase to
another solid-ordered phase so' with different packing and hydration
properties. This phase transition is probably induced by the freezing of
bulk D2O, which occurs in the same pressure range at this
temperature. At 20 °C, we observe phase changes as evident by the
discontinuities appearing at about 760 bar and 4 kbar, which are most
likely due to the lo + ld + so to lo + so to so transition. At 35 °C, we
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can be assigned to phase transitions from a two-phase region ld+ lo to
a three-phase region ld + lo + so, a so + lo phase and ﬁnally a
completely solid-ordered phase so, respectively. At 45 °C, we observe
discontinuities of ν˜sym pð Þ at ~2.3 kbar, 6 kbar and 15 kbar, which can
be assigned to the transitions to the ld + lo, lo + ld + so and lo + so
phase coexistence regions, respectively. Starting in the all-
disordered (ld) phase at T = 60 °C, we observe phase changes at
4.2 kbar, 7.5 kbar and 15 kbar. They can be assigned to phase
transitions to the ld + lo', ld + lo, and lo + ld + so phase regions,
respectively. To verify the phase assignment and help establish the
p,T-phase diagram of the lipid mixture, complementary thermody-
namic, AFM and ﬂuorescence spectroscopic measurements were
also carried out.
3.2. Thermodynamic measurements
Fig. 3 shows the DSC and PPC scans of the lipid mixture. The excess
heat capacity Cp(T) reveals a broad transition peak between the
starting temperature and ~50 °C, with a maximum appearing around
32 °C. The temperature dependence of the coefﬁcient of thermal
expansion, α, exhibits a similar shape. The integral over the Cp(T) and
α(T) curves yield the overall enthalpy and volume changes,
respectively, indicating a strong correlation between these thermo-
dynamic properties of the system which undergoes major conforma-
tional changes (e.g., trans-gauche isomerizations and kink formation
of the acyl-chains) with increasing temperature. According to the
FT-IR spectroscopic studies, this broad peak corresponds to a
transition from the lo + ld + so three-phase region to the lo + ld
two-phase coexistence region, reaching an overall ld phase state
above about 51–53 °C, in agreement with the calorimetric data. Fig. 3
also displays the sound velocity data, which clearly show a kink at ~35
°C, in good agreement with the peak temperature of the DSC and PPC
measurements. The adiabatic compressibility KS(T) displays a kink at
the same temperature, i.e., in the phase region of the lipid membrane,
where the conversion of solid-ordered lipid chains to ﬂuid chains
takes place, which is reﬂected in a decrease of the temperature
dependence of KS. Conversely, the ﬂuid-ordered to ﬂuid-disordered
transition is not visible in the ultrasound and adiabatic compressibil-
ity data anymore.
3.3. Fluorescence spectroscopy measurements
Here we discuss the temperature dependence of the Laurdan
containing ﬁve-component lipid mixture (DOPC/DOPG/DPPC/DPPG/
Chol 20:5:45:5:25 mol%) in comparison to the correspondingFig. 5. AFM image of a DOPC/DOPG/DPPC/DPPG/Chol (20:5:45:5:25 mol%) lipid membran
indicating a homogeneous lipid bilayer with coexisting domains in the lo and ld phase. Th
horizontal black line in the AFM image is the localization of the section analysis, indicating th
ld phases and black: thickness of the lo domains).uncharged lipid system (DOPC/DPPC/Chol 25:50:25 mol%), which
has already been characterized before [21]. Fig. 4 displays the GP(T)
values of both lipid systems, which were measured over a temper-
ature range from 7 to 87 °C at ambient pressure. As can be seen, the
generalized polarization data of both systems decrease with increas-
ing temperature in a similar fashion. As expected for such more
component lipid systems, the transitional behavior is rather smooth
and the overall transition is rather broad, which is different from the
GP(T) data of the sharper gel-to-ﬂuid transition of one-component
lipid dispersions [22,40,44]. The loss in polarization with increasing
temperature is explained by a more or less continuous increase of
liquid-disordered lipid domains, which is connected to a gradual
increase in ﬂuidity and conformational disorder. All-ﬂuid-like
behavior with GP values around zero are observed for temperatures
above about 55 °C, only.
Both, the anionic and zwitterionic lipid mixture display a similar
temperature dependence of GP values. Only slight differences are
observed in the ordered phase region (below 25 °C) and in the overall
ﬂuid phase (above 60 °C), indicatingmarginal lower order parameters
for the uncharged system in these phases, i.e., the incorporation of the
negatively charged lipids (DOPG and DPPG) in the single (ﬂuid or
ordered) phases results in slight changes in chain packing and overall
conformational ﬂexibility, only.
3.5. Visualization of phase coexistence regions in the anionic model raft
system: Results from AFM and ﬂuorescence microscopy data
As can be seen from Fig. 5, incorporation of 10–20mol% PG leads to
segregation of the lipid mixture into lo and ld domains as previously
observed for the neutral canonical raft mixture [38]. A concentration
of anionic lipids around 10% is within typical physiological ranges
[41,42]. The existence of liquid–liquid phase coexistence regions in
this speciﬁc heterogeneous lipid system was examined with confocal
laser scanning ﬂuorescence and atomic force microscopy. The AFM
analysis shows a solid supported homogeneous lipid bilayer on mica
with isolated islands of ﬂuid ld domains in a coherent pool of raft-like
(lo) protruding phase at room temperature (Fig. 5). The thickness of
the lipid bilayer is around 5.2 nm for the lo phase and around 4.0 nm
for the ld phase, i.e., the coexisting phases can be clearly distinguished
by a height difference of ~1.0 nm (Fig. 5, section analysis), in
agreement with previously published results and literature data for ld
and lo phases [38,43].
To shed additional light on the temperature-dependent phase
behavior of the anionic raft membrane system, ﬂuorescence micros-
copy measurements were performed on GUV's using the two marker
dyes N-Rh-DHPE and Bodipy-cholesterol. Selected data are shown ine on mica at room temperature. On the left-hand side, the whole scan area is shown,
e concomitant section proﬁle of the AFM image is given at the right-hand side. The
e vertical distances between pairs of arrows (blue and green: height difference of the lo/
Fig. 6. Temperature-dependent confocal ﬂuorescence microscopy images of GUVs composed of DOPC/DOPG/DPPC/DPPG/Chol (15:10:40:10:25. mol%). Pictures are shown for
different sample preparations. Fluorescence intensity was collected in two channels: N-Rh-DHPE was used as a marker labeling preferentially the ld domains (detected by the red
channel), whereas Bodipy-cholesterol partitions preferentially into the lo phase of the membrane (detected by the green channel). Images were taken at the top of the GUVs; the
scale bar represents 10 μm.
1193S. Kapoor et al. / Biochimica et Biophysica Acta 1808 (2011) 1187–1195Fig. 6. The ﬂuorescence microscopy pictures clearly demonstrate
ﬂuid–ﬂuid phase coexistence at lower temperatures as evident by the
appearance of two roundish colored dye areas on the same vesicle. As
expected, with increasing temperature, an increase of the ld phase is
observed. At temperatures above about 40.8 °C, no signiﬁcant phasecoexistence can be observed anymore. Please note that ﬂuorescence
microscopy detects large domains on the micrometer length scale,
only. Moreover, slight differences in the concentration of the lipid
components in the various vesicles, which might arise during the
vesicle preparation process, could explain the fact that the domain
1194 S. Kapoor et al. / Biochimica et Biophysica Acta 1808 (2011) 1187–1195sizes observed for the various vesicles vary to some minor extent.
Overall, these ﬂuorescence microscopy data are in good agreement
with the temperature-dependent FT-IR data. Beyond 41 °C, the
presence of liquid-disordered phase with minor amounts of liquid-
ordered domains, which has been postulated above, is difﬁcult to
detect with ﬂuorescence microscopy.
4. Conclusions
Fourier transform infrared (FT-IR) spectroscopy in combinationwith
the thermodynamic methods differential scanning calorimetry (DSC),
pressure perturbation calorimetry (PPC) and ultrasound velocimetry, as
well as Laurdan ﬂuorescence spectroscopy, ﬂuorescence microscopy
and atomic force microscopy (AFM) have been used to delineate the
temperature- and pressure-dependent changes in the phase behavior of
the newly established anionic model raft mixture (DOPC/DOPG/DPPC/
DPPG/Chol 20:5:45:5:25mol%) and to constitute a p, T-phasediagramof
the system. The phase diagrambased on the results of all data obtained -
with special emphasis on FT-IR spectroscopy, which is most sensitive to
local conformational changes - is displayed in Fig. 7. It exhibits a series of
pressure-induced phase transitions in the temperature range from 5 to
65 °C at pressures ranging up to 16 kbar. The ld→ ld + lo, ld + lo→ ld +
lo + so, ld + lo + so→ lo + so and lo + so→ so phase boundaries exhibit
transition slopes of about ~3 °C/kbar. In comparison to the phase
transitions of pure one-component lipid systems such as DPPC [44],
these transition slopes are much smaller. This can be explained as
follows: From the Clapeyron equation, dT/dp = TΔV/ΔH, we infer that
the slope of the p, T-transition is governed by the relative volume and
enthalpy (or entropy) changes at the transition. As ΔV b 0 for pressure-
induced transitions,ΔH and hence alsoΔS=ΔH/Ttr (Ttr phase transition
temperature) are positive. The smaller slope can thus be attributed to
smaller ΔV values, which is expected as the ordered-to-ﬂuid transition
occurs via various phase regions with increasing ﬂuidity and confor-
mational disorder. Such rather smooth changes in volumetric and
enthalpic properties are reﬂected in the smooth temperature depen-
dence of the DSC, PPC, KS and GP data.
The biologically most relevant phase is probably the liquid-
ordered (lo)-liquid-disordered (ld) phase coexistence region of the
lipid mixture, mimicking the raft-like lateral phase separation and
heterogeneity of natural membranes, which extends over a rather
wide temperature and pressure range. Compared to the previouslyFig. 7. Tentative p, T-phase diagram of the anionic model raft mixture DOPC/DOPG/
DPPC/DPPG/Chol (20:5:45:5:25 mol%) as obtained from temperature-dependent FT-IR
spectroscopy (▲) and high pressure FT-IR spectroscopy (■) data. Error bars are shown
which indicate the uncertainties in the temperature and pressure determination.studied neutral model raft mixture (DOPC/DPPC/Chol 25:50:25 mol
%), the p, T-phase diagram is - as expected and in accordance with the
Gibbs phase rule - more complex. The phase sequence as a function
of temperature and pressure is largely similar, however, and displays
lo + ld domain coexistence at physiologically relevant temperatures
and pressures, thus rendering this more realistic anionic model
biomembrane system vital for studying membrane processes, such as
protein interactions (e.g., membrane-associated signaling proteins
[35]) with anionic lipid bilayers displaying liquid-disordered/liquid-
ordered domain coexistence. Furthermore, knowledge of the temper-
ature–pressure phase diagram of this model biomembrane system
allows also studies of such processes encountered under extreme
environmental conditions.Acknowledgments
Financial support from the DFG, BMBF, and the IMPRS Chemical
Biology is gratefully acknowledged.References
[1] R.M. Epand (Ed.), Lipid polymorphism and membrane properties, Current topics
in membranes, Vol. 44, Academic Press, San Diego, 1997.
[2] R. Lipowski, E. Sackmann, Structure and dynamics of membranes, Vols. 1A, 1B,
Elsevier, Amsterdam, 1995.
[3] J.M. Seddon, Structure of the inverted hexagonal (HII) phase, and non-lamellar
phase transitions of lipids, Biochim. Biophys. Acta 1031 (1990) 1–69.
[4] A.J. Garcia-Sáez, S. Chiantia, P. Schwille, Effect of line tension on the lateral
organization of lipid membranes, J. Biol. Chem. 282 (2007) 33537–33544.
[5] S.L. Veatch, S.L. Keller, Separation of liquid phases in giant vesicles of ternary
mixtures of phospholipids and cholesterol, Biophys. J. 85 (2003) 3074–3083.
[6] K. Bacia, P. Schwille, T. Kurzchalia, Sterol structure determines the separation of
phases and the curvature of the liquid-ordered phase in model membranes, Proc.
Natl. Acad. Sci. USA 102 (2005) 3272–3277.
[7] T. Baumgart, S.T. Hess, W.W. Webb, Imaging coexisting ﬂuid domains in
biomembrane models coupling curvature and line tension, Nature 425 (2003)
821–824.
[8] K. Simons, E. Ikonen, Functional rafts in cell membranes, Nature 387 (1997)
569–572.
[9] K. Simons, W.L. Vaz, Model systems, lipid rafts, and cell membranes, Annu. Rev.
Biophys. Biomol. Struct. 33 (2004) 269–295.
[10] C. Dietrich, L.A. Bagatolli, Z.N. Volovyk, N.L. Thompson, M. Levi, K. Jacobson, E.
Gratton, Lipid rafts reconstituted in model membranes, Biophys. J. 80 (2001)
1417–1428.
[11] J.B. Helms, C. Zurzolo, Lipids as targeting signals: lipid rafts and intracellular
trafﬁcking, Trafﬁc 5 (2004) 247–254.
[12] H.A. Lucero, P.W. Robbins, Lipid rafts-protein association and the regulation of
protein activity, Arch. Biochem. Biophys. 426 (2004) 208–224.
[13] A. Rietveld, K. Simons, Thedifferentialmiscibility of lipidsas thebasis for the formation
of functional membrane rafts, Biochim. Biophys. Acta 1376 (1998) 467–479.
[14] K. Simons, R. Ehehalt, Cholesterol, lipid rafts, and disease, J. Clin. Invest. 110
(2002) 597–603.
[15] D.A. Brown, E. London, Functions of lipid rafts in biological membranes, Annu. Rev.
Cell Dev. Biol. 14 (1998) 111–136.
[16] R. Winter, C. Czeslik, Pressure effects on the structure of lyotropic lipid
mesophases and model biomembrane systems, Z. Kristallogr. 215 (2000)
454–474.
[17] O. Reis, R. Winter, T.W. Zerda, The effect of high external pressure on DPPC-
cholesterol multilamellar vesicles - a pressure-tuning fourier transform infrared
spectroscopy study, Biochim. Biophys. Acta 1279 (1996) 5–16.
[18] J.H. Ipsen, G. Karström, O.G. Mouritsen, H. Wennerström, M.J. Zuckermann, Phase
equilibria in the phosphatidylcholine cholesterol system, Biochim. Biophys. Acta
905 (1987) 1652–1672.
[19] R.F.M. de Almeida, A. Fedorov, M. Prieto, Sphingomyelin/phosphatidylcholine/
cholesterol phase diagram: boundaries and composition of lipid rafts, Biophys. J.
85 (2003) 2406–2416.
[20] S.L. Veatch, S.L. Keller, Organization in lipid membranes containing cholesterol,
Phys. Rev. Lett. 89 (2002) 268101–268104.
[21] C. Jeworrek, M. Pühse, R. Winter, X-ray kinematography of phase transformations of
three-component lipidmixtures: a time-resolved synchrotronX-ray scattering study
using the pressure-jump relaxation technique, Langmuir 24 (2008) 11851–11859.
[22] C. Nicolini, J. Kraineva, M. Khurana, N. Periasamy, S.S. Funari, R. Winter,
Temperature and pressure effects on structural and conformational properties
of POPC/SM/cholesterol model raft mixtures - a FT-IR, SAXS, DSC, PPC and Laurdan
ﬂuorescence spectroscopy study, Biochim. Biophys. Acta 1758 (2006) 248–258.
[23] P.T.T. Wong, D.J. Siminovitch, H.H. Mantsch, Structure and properties of model
membranes: new knowledge from high-pressure vibrational spectroscopy,
Biochim. Biophys. Acta 947 (1988) 139–171.
1195S. Kapoor et al. / Biochimica et Biophysica Acta 1808 (2011) 1187–1195[24] A. Nilsson, A. Holmgren, G. Lindblom, FT-IR study of lamellar and reversed
micellar phases in the mono-oleoylglycerol/water system, Chem. Phys. Lipids 69
(1994) 219–227.
[25] R. Mendelsohn, M.A. Davies, J.W. Brauner, H.F. Schuster, R.A. Dluhy, Quantitative
determination of conformational disorder in the acyl chains of phospholipid
bilayers by infrared spectroscopy, Biochemistry 28 (1989) 8934–8939.
[26] M.A. Davies, H.F. Schuster, J.W. Brauner, R. Mendelsohn, Effects of cholesterol on
conformational disorder in dipalmitoylphosphatidylcholine bilayers, A quantita-
tive IR study of the depth dependence, Biochemistry 29 (1990) 4368–4373.
[27] O. Reis, R. Winter, Pressure and temperature effects on conformational and
hydrational properties of lamellar and bicontinuous cubic phases of the fully
hydrated monoacylglyceride monoelaidin - a fourier transform-infrared spec-
troscopy study using the diamond anvil technique, Langmuir 14 (1998)
2903–2909.
[28] R. Ravindra, R. Winter, Pressure perturbation calorimetic studies of the solvation
properties and the thermal unfolding of proteins in solution, Z. Phys. Chemie 217
(2003) 1221–1243.
[29] R. Winter, W. Dzwolak, Temperature–pressure conﬁgurational landscape of lipid
bilayers and proteins, Cell. Mol. Biol. 50 (2004) 397–417.
[30] H. Heerklotz, J. Seelig, Application of pressure perturbation calorimetry to lipid
bilayers, Biophys. J. 82 (2002) 1445–1452.
[31] G. Panick, R. Malessa, R. Winter, G. Rapp, K.J. Frye, C.A. Royer, Structural
characterization of the pressure-denatured state and unfolding/refolding
kinetics of staphylococcal nuclease by synchrotron small-angle X-ray
scattering and Fourier-transform infrared spectroscopy, J. Mol. Biol. 275
(1998) 389–402.
[32] D.J. Siminovitch, P.T.T. Wong, H.H. Mantsch, Effects of Cis and Trans, unsaturation
on the structure of phospholipid bilayers: a high pressure infrared spectroscopic
study, Biochemistry 26 (1987) 3277–3287.
[33] P.L.-G. Chong, M. Sulc, R. Winter, Compressibilities and volume ﬂuctuations of
archaeal tetraether liposomes, Biophys. J. 99 (2010) 3319–3326.[34] R. Krivanek, L. Okoro, R. Winter, Effect of cholesterol and ergosterol on the
compressibility and volume ﬂuctuations of phospholipid-sterol bilayers in the
critical point region: a molecular acoustic and calorimetric study, Biophys. J. 94
(2008) 3538–3548.
[35] K. Weise, S. Kapoor, C. Denter, J. Nikolaus, N. Opitz, S. Koch, G. Triola, A. Herrmann,
H. Waldmann, R. Winter, Membrane-mediated induction and sorting of K-Ras
microdomain signaling platforms, J. Am. Chem. Soc. 133 (2011) 880–887.
[36] M.I. Angelova, S. Soléau, P. Méléard, F. Faucon, P. Bothorel, Preparation of giant
vesicles by external ac electric ﬁelds: kinetics and applications, Prog. Colloid
Polym Sci 89 (1992) 127–131.
[37] S. Janosch, C. Nicolini, B. Ludolph, C. Peters, M. Völkert, T.L. Hazlet, E. Gratton, H.
Waldmann, R. Winter, Partitioning of dual-lipidated peptides into membrane
microdomains: lipid sorting vs peptide aggregation, J. Am. Chem. Soc. 126 (2004)
7496–7503.
[38] K. Weise, G. Triola, L. Brunsveld, H. Waldmann, R. Winter, Inﬂuence of the
lipidation motif on the partitioning and association of N-Ras in model membrane
subdomains, J. Am. Chem. Soc. 131 (2009) 1557–1564.
[39] M. Pühse, C. Jeworrek, R. Winter, The temperature–pressure phase diagram of a
DPPC-ergosterol fungal model membrane - a SAXS and FT-IR spectroscopic study,
Chem. Phys. Lipids 152 (2008) 57–63.
[40] T. Parasassi, G. de Stasio, A. d'Ubaldo, E. Gratton, Phase ﬂuctuation in phospholipid
membranes revealed by Laurdan ﬂuorescence, Biophys. J. 57 (1990) 1179–1186.
[41] D.A. White, The phospholipid composition of mammalian tissues, in: G.B. Ansell,
R.M.C. Dawson, J.N. Hawthorne (Eds.), form and function of phospholipids,
Elsevier, Amsterdam, 1973, pp. 441–482.
[42] G.B. Díaz, A.M. Cortizo, M.E. Garciía, J.J. Gagliardino, Lipid composition of normal
male rat islets, Lipids 23 (1988) 1125–1128.
[43] H.A. Rinia, M.M.E. Snel, J.P.J.M. van der Eerden, B. de Kruijff, Visualizing detergent
resistant domains in model membranes with atomic force microscopy, FEBS Lett.
501 (2001) 92–96.
[44] Phospholipids handbook, in: G. Cevc (Ed.), Marcel Dekker, New York, 1993.
